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Abstract In this paper we describe how to construct poly-
acrylamide hydrogels to study the processes linked with
hydraulic fracturing. These transparent, linearly elastic and
brittle gels permit fracturing at low pressures and speeds
allowing accurate measurements to be obtained. In the con-
text of hydraulic fracturing, the broad range of modulus
and fracture energy values that are attainable allow exper-
imental exploration of particular regimes of importance.
We also describe how material properties may be deduced
from hydraulic fracturing experiments. Lastly, we analyse
the fracture surface patterns that emerge from fluid-driven
cracks occurring within the medium. These patterns are sim-
ilar to those that have been observed in other materials and
we comment on their fractal-like nature.
Keywords Hydraulic fracturing · Hydrogels · Fractals
Introduction
Polyacrylamide hydrogels are widely used as materials in
biology as cell culture substrates and for gel electrophore-
sis to separate proteins. The gel is a highly swollen network
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of cross-linked acrylamide polymer chains. The material
constants, such as elasticity and stiffness, of this gel can
be altered by varying the quantity of monomers and cross-
linker present. These hydrogels have been approximated
as linear elastic materials as they retain a constant storage
modulus while under a large range of strains [1].
In the context of fracturing, these gels have been used
to study the propagation of dynamic fracture and have
been shown to fracture similarly to other brittle materials
(e.g. PMMA and glass) [2]. This medium has been used
extensively in the study of microbranching and oscillation
instabilities involved in the dynamics of two dimensional
rapid fracture [3–5].
Fracture dynamics are normally extremely hard to cap-
ture due to difficulties in visualising the tip of a crack
moving at velocities of the order of the Rayleigh wave
speed. One of the main advantages of brittle polyacrylamide
gels is that Rayleigh wave speeds are ∼ 5 − 20 m/s are 2-3
orders of magnitude lower than in ‘standard’ brittle mate-
rials (glass ∼ 3500 m/s, PMMA ∼ 1600 m/s) [2]. This
slows down the fracturing process, allowing accurate mea-
surements to be obtained with the use of a high speed
camera.
Recently however, Denisin and Pruitt [6] have reviewed
measurements of the mechanical properties of hydrogels,
noting that ‘reported elastic modulus for the same formula-
tions differ widely’ and depend on ‘polyacrylamide formu-
lation, ployacrylamide temperature, gelation time and stor-
age duration’. In this paper we will describe the production
of hydrogels with consistent and predictable mechanical
properties and a novel experimental setup involving brit-
tle, heavily cross-linked polyacrylamide hydrogels used to
investigate fluid-driven fracture. This setup will also allow
simple measurements of fracture energy and stress intensity
for these gels with varying concentrations of monomers and
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cross-linking. Moreover, it provides a platform to examine
step-line patterns present on the crack surfaces. Calculating
the fractal dimension of these patterns can exhibit simi-
larities with geological samples and other fracture surface
phenomena.
Hydraulic Fracturing
Hydraulic fracturing is a procedure in which a fracture is
initiated and propagates due to pressure (hydraulic load-
ing) applied by a fluid introduced inside the fracture. In
this study we will focus on a radial or ‘penny shaped’ frac-
ture (Fig. 1) driven by an incompressible Newtonian fluid,
injected at a constant rate into an impermeable gel matrix
where we assume there is a negligible fluid lag - i.e. the fluid
front coincides with the fracture front.
The technique of hydraulic fracturing is mainly used as
a well-stimulation technique in unconventional reservoirs,
which have low permeability and porosity making it dif-
ficult to extract oil and gas [7]. The creation of fractures
in rock formations increases the overall porosity, allowing
hydrocarbons to escape. Other applications include mea-
surement of existing (in-situ) stresses [8], carbon sequestra-
tion [9], geothermal energy reservoirs [10], compensation
grouting [11] and disposal of toxic liquid waste deep under-
ground. This process is also encountered in nature when
studying magma transport [12]. In this last case, the mech-
anism for crack propagation of magma-driven dykes is the
pressure caused by density differences between the fluid and
surrounding rock formation.
Theory
We will consider a tensile crack (mode I) where fracturing
occurs under the linear elastic fracture mechanics (LEFM)
assumption of a propagation criterion [13]:
KI = KIC, (1)
where KI is the stress intensity factor and KIC is the
fracture toughness related to the material properties.
Viscous dissipation within the fracture can play a signif-
icant role in the shape and speed of the fracture tip. The
Fig. 1 Schematic diagram showing the radial fracture geometry
dominance of viscous dissipation relative to energy dissipa-
tion from bond-breaking due to the toughness of the mate-
rial can be related by a characteristic time. This gives the
time in which a fracture transitions from a viscously domi-
nated propagation regime to a material toughness dominated
regime [14]:
tmk =
(
μ5Q3E′13
KIC
18
)1/2
, (2)
where μ is the dynamic viscosity, Q is the volumetric injec-
tion rate, and E′ = E/(1 − ν2) is the plane strain modulus
relating Young’s modulus E and Poisson ratio ν.
When the fracture propagates in the toughness dominated
regime the crack tip thickness w can be approximated using
the LEFM asymptote [15]:
w ∼
(
32
π
)
KI
E′
x1/2,
x
R
 1, (3)
where x is the distance from the crack tip and R is the
fracture radius.
Hydrogel
Gelation of Polyacrylamide Hydrogels
The hydrogels were prepared by free radical polymer-
ization of acrylamide (Sigma Aldrich) as the monomer
and N,N′-methylenebis (acrylamide) (Sigma Aldrich) as
the cross-linker in aqueous solution. This means any oxy-
gen present in the solution will inhibit the polymerization.
The initiator ammonium persulphate (APS) and accelerator
N,N,N,N′-tetramethylethylenediamine (TEMED) (Sigma
Aldrich) then catalyze the reaction. The gels contain dif-
fering amounts of acrylamide produced from a 40% w/v
(weight/volume) stock solution and bis-acrylamide in solid
form, that are added to a certain amount of demineralized
water to give the desired % w/v of each chemical. This solu-
tion is then degassed for 10-15 minutes to counteract oxygen
inhibiton of the reaction, which is crucial for reproducibility
of the gel. Degassing is done by placing the solution inside a
vacuum chamber which is connected to a pump. A low pres-
sure environment is then created causing air to be removed
from the liquid. Next, 0.075% w/v of APS was added and
finally 0.05% v/v of TEMED (all volume percentages are of
the final volume).
We constructed gels of dimensions 100 × 100 × 77 mm
which is equivalent to 770 mL of volume. The total percent-
age of acylamide monomer and bis-acrylamide cross-linker
varied from 8 − 15 % w/v and 2.5 − 6 % wt. (cross-linker
weight/monomer weight). Each gel was prepared at room
temperature (20 ◦C) and the solution was left for over 2
hours allowing gelation to occur fully. During this gelation
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period the chamber containing the solution is covered with
parafilm tape, as an additional precaution against oxygen
inhibiting the polymerization.
Properties
Polyacrylamide gels are recognised as linearly elastic mate-
rials in the literature [16, 17]. These gels consist of cross-
linked polymer chains. Their elastic properties are deter-
mined by the concentration of monomers, acrylamide, and
cross-linking molecules, bis-acrylamide. An increase in the
monomer % w/v will result in an increase in the Young’s
modulus and fracture energy, if the cross-linking % wt. is
held constant. Furthermore, increasing the cross-linking %
wt. will make the gel more brittle and decrease the frac-
ture surface energy. This complicated relationship means
that only a few measurements have been found in the lit-
erature for fracture energies at particular gel percentages
[18, 19]. Normally these fracture energy values are obtained
from peel tests. Here, we approached the measurement
of these values using a technique outlined in “Determina-
tion of Stress Intensity and Fracture Surface Energy”. It
has been shown that an increase in monomer will always
lead to an increase in Young’s modulus [6]. However, an
increase in cross-linker will also increase the gel modulus
up to around 7% wt. cross-linking. If the cross-linking is
increased beyond this, the gels become heterogeneous and
the value of the Young’s modulus will plateau.
Heavily cross-linked polyacrylamide gels are transpar-
ent, elastic and brittle materials. Elasticity and brittleness
are two different properties. However, they are not inde-
pendent for elastic solids. Ideally, fracture toughness KIC
follows the relation:
KIC =
√
2γsE′, (4)
where γs is the fracture surface energy, which can be
defined as the energy required to create one unit of surface
area. Equation (4) incorporates both elasticity and brittle-
ness properties in the Young’s modulus and fracture surface
energy, respectively.
Rate-dependent fracture surface energies γs have been
observed in several gel systems. Chemically cross-linked
polyacrylamide hydrogels exhibit a rate dependence that
decreases with increasing density of chemical cross-links
[19]. Since we are using heavily cross-linked hydrogels we
will assume the fracture energy to be constant which can
be determined from the measurements obtained in “Deter-
mination of Stress Intensity and Fracture Surface Energy”.
This is an advantage over gelatin systems, where the fracture
energy varies linearly with crack velocity and the rate sen-
sitivity increases with the amount of physical cross-linking
[20].
The permeability of these gels can be extremely low
and comparable to that observed in unconventional hydro-
carbon reservoirs. In shale gas formations the expected
permeability is in the range 10−6 − 10−8 Darcy, while
in polyacrylamide hydrogels permeability values can range
from 10−7 − 10−8 Darcy [21].
Experimental Setup
The experimental setup consists of setting a hydrogel of
dimensions 100 × 100 × 77 mm around an injection nee-
dle of radius 0.81 mm as depicted in Fig. 2. A large gel
matrix is used so that the free surface and boundaries have a
negligible effect on the stress state near the injection point,
at the bottom of the needle. To study the idealised model
we inject fluid at a constant volumetric rate, ranging from
10 − 23 mL/min, into the hydrogel using a syringe pump
(WPI AL6000).
We require the fracture to propagate radially and per-
pendicular to the injection needle, and use a high speed
camera (Dalsa Falcon 2 4MP 120fps) to aid visualisation.
To achieve this we must orientate the needle parallel to the
minimum confining stress, as the fracture will propagate
perpendicular to this direction. This is due to the fact that the
radial crack is a tensile fracture (mode I) and opens in the
direction of least resistance. Thus, four rectangular plates
of width 1 mm are inserted parallel to the needle on each
side of the gel as seen in Fig. 2(b). These plates are made
from polycarbonate which were chosen due to their trans-
parency, strength and re-usability. This also places the gel in
an approximate condition of plane strain, as all the stresses
are acting perpendicular to the injection needle. The incom-
pressible Newtonian fracturing fluids used include water,
glycerin, silicone and golden syrup, with viscosities ranging
from μ ∼ 10−3 − 101 Pa·s.
The propagation of these fluid fractures was clearly
observed due to the transparent nature of the gels. The radial
fracture profile is found by dyeing the fluid, so that it can
be easily distinguished from the surrounding medium. The
Digiflow software was used extensively in processing the
videos and taking measurements [22]. The resolution we are
able to achieve with these measurements is 1 pixel ≈ 0.04
mm.
Thickness Measurement
Dye attenuation was used to measure fracture width. This is
a process in which the absorbance of light is used to corre-
spond to thickness measurements. To do this a red LED light
sheet with a diffuser was used as background lighting to
provide a uniformmonochromatic light source. The injected
fluid is dyed with methylene blue, which strongly absorbs
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Fig. 2 Schematic diagrams of
the experimental setup
at the wavelength of the red light source. The absorption of
this background light is then directly related to the amount
of fluid through which it passes.
Calibration
To correlate intensity values across the dyed fluid region
with crack thickness, we perform a calibration experiment
with the same fracturing fluid using a glass wedge with a
linearly increasing thickness from 0 − 8 mm filled with the
dyed fracturing fluid. The wedge was placed in our acrylic
container (Fig. 2) and a polyacrylamide gel formed around
it, in order to take into account the absorption of light by
the gel matrix itself. We denote the intensity of the uniform
background light that has travelled through the polyacry-
lamide gel only by I0, and the intensity distribution of light
that passed through the fluid filled region by I . Normalising
the fluid-filled light intensity with the background intensity
through the gel, the absorption of the light due to the matrix
alone can be excluded. We plot this normalisation I/I0 ver-
sus the thickness of the wedge in Fig. 3(b). A polynomial
fit to the calibration data was then calculated and used to
relate the light intensity data to thickness measurements for
fluid filled fractures, under the assumption that the fracture
is symmetric about its mid plane.
Results
Young’s Modulus
We have conducted a series of compression tests on sample
rectangular gels to obtain material properties, such as the
Poisson’s ratio, and observe the variability when concentra-
tions are altered. This was done on an Instron 3345, using
parallel plates to measure compressive stress and strain. A
sample stress-strain graph can be seen in Fig. 4(c) for a 13 -
4% gel. These tests produced an approximate Poisson’s ratio
ν ≈ 0.48, which agrees with the literature that the hydrogels
can be treated as linearly elastic [23].
Using the principle of determination of Young’s modulus
by Hertzian contact, or indentation with a solid sphere [24,
25], we calculated a range of elastic moduli for different
monomer to cross-linker ratios. This method was carried out
using a TA.XT Texture Analyser (Stable Micro Systems). A
sphere of radius a = 0.63 cm is indented a certain distance
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Fig. 3 (a) A red monochromatic light of uniform intensity I0 is obtained from an LED light sheet and diffuser. This light then passes through
the hydrogel and calibration wedge or fluid fracture with blue dye and emerges at a diminished intensity I depending on the path length through
the fluid. (b) The normalised light intensity I/I0 versus the corresponding thickness of the fluid filled region for a given dye concentration. (c)
Experimental image of a calibration using glycerin with μ = 1130 mPa.s and a concentration of Methylene blue of 0.05 g/L
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Fig. 4 Characterisation of the
gel Young’s modulus. (a)
Experimental technique of
Hertzian contact using spherical
indentation. (b) Force versus
δ3/2 for a 13 - 6 % gel. (c)
Sample stress-strain curve from
a compression test of a 13 - 4 %
gel. (d), (e) Young’s modulus
versus monomer % w/v for fixed
cross-linking of 2.5% wt.
(m = 22.5, c = −121.5) and 6%
wt. (m = 47.5, c = −316.7),
respectively. (f) Young’s
modulus versus cross-linking %
wt. for fixed monomer
concentration of 10% w/v
(m = 16.6, c = 59.1)
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onto the surface of the hydrogel as seen in Fig. 4(a) and the
force measured. For a perfectly elastic solid, if the surface
is displaced a distance δ under a force F , the plane strain
modulus E′ is given by the relation:
E′ = E
1 − ν2 =
3
4a1/2
F
δ3/2
. (5)
However to exclude surface tension effects in the initial
stages of indentation, the slope of the linear section of a δ3/2
versus F plot, an example of which can be seen in Fig. 4(b),
is used to calculate the Young’s modulus E:
E = 3(1 − ν
2)
4a1/2
F
δ3/2
. (6)
The results of these tests can be seen in Fig. 4 and Table 1.
We conducted two indentation experiments at different
places on the gel surface for each sample. The maximum
deviation from the average value was always less than 2.5%.
The error bars are estimated from measurement uncertainty
on the slope calculation. From the figures we can clearly see
that increases in the amount of monomer and cross-linker, in
the ranges shown, both contribute to an increase in Young’s
modulus. From Fig. 4 it is evident that monomer percentage
has a larger effect on the elastic modulus than cross-linking.
The linear fits seen in Fig. 4(d), (e) and (f) have a slope m
and intercept c. It has been shown that higher percentages
of cross-linking can lead to a plateau in the elastic modulus
values and the relationship is more complex [6].
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Table 1 Young’s modulus,
stress intensity and fracture
energy measurements
Gel concentration Young’s modulus Stress intensity Fracture energy
% w/v – % wt. E (kPa) KI (Pa m1/2) γs (J m−2)
8 – 2.5 64 ± 8 460 ± 27 1.2 ± 0.2
10 – 2.5 97 ± 9 631 ± 36 1.4 ± 0.2
10 – 6 155 ± 10 623 ± 17 0.9 ± 0.05
13 – 2.5 157 ± 3 738 ± 56 1.3 ± 0.2
13 – 6 311 ± 7 845 ± 77 0.86 ± 0.16
15 – 6 367 ± 20 939 ± 65 0.9 ± 0.1
Experimentally we can obtain a wide range of values
for the Young’s modulus, with values varying from at least
50 − 700 kPa. This was one of our main motivations for
conducting experiments in this medium, as it allowed us
considerable variation in the transition time (equation (2))
derived for hydraulic fractures.
Determination of Stress Intensity and Fracture Surface
Energy
We can use our measurements of fracture thickness, crack-
tip behaviour and radial extent to consider the stress inten-
sity factor [26]. This can be done in the toughness limiting
regime where the crack tip LEFM asymptote (equation (3))
relates the fracture thickness, distance from the tip and stress
intensity. We consider only mode I opening where we can
use the stress intensity factor KI to estimate the fracture
toughness KIC of the hydrogel matrix, under the LEFM
assumption that propagation occurs when (equation (1)) is
satisfied.
Plotting the opening over 60% of the fracture radius nor-
malised according to equation (3) produces Fig. 5, where
the stress intensity factor KI is the value averaged over
the crack tip region. The thickness is plotted for 10 time
steps with the black line representing the average of these
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Fig. 5 Fracture opening normalised by equation (3) versus distance
from the crack tip x/R. Curves are plotted at 10 different time steps
with the black line indicating the average. The stress intensity factor
KI is given by the limit as x/R → 0
experimental curves. This particular experiment corre-
sponds to a gel concentration of 10% w/v monomer and
2.5% wt. cross-linker. From the propagation criterion we
assume KI = KIC and we can deduce that KIC = 631±36
Pa m1/2. Thus, we can use equation (4) to estimate the frac-
ture surface energy of this particular gel configuration to
be γs ≈ 1.4 J/m2. The noise near x/R = 0 is due to the
minuscule thickness near the crack tip. The dye attenuation
value is extremely small in this area and is comparable to
the noise in the experiment due to the limitations of our cal-
ibration. However, the data clearly follow a specific trend
before the noise becomes significant. The observed constant
stress intensity value observed all along the fracture tip,
retrieved from using LEFM, suggests that the assumption of
a homogeneous brittle material is valid.
This technique was then applied to a number of gel con-
centrations, the results of which can be seen in Table 1 and
Fig. 6. In Fig. 6(a) we can see that the stress intensity value
increases with monomer percentage as expected. KI is sim-
ilar for both 2.5 and 6% wt. cross-linking, with 2.5% wt.
having marginally higher values.
The similar behaviour in stress intensity values means
that the fracture energies for the higher cross-linked gels,
calculated using equation (4), will be lower due to larger
moduli measurements. The values of fracture energy γs
can be seen in Table 1, which are similar to previous
values reported from peel testing [18]. In Fig. 6(b), the
fracture energy γs for 2.5% wt. cross-linking varies with
larger amounts of monomer. However, at 6% wt. cross-
linking the fracture energy settles to a cross-linking value
of γs ∼ 0.9 J m−2. This is an extremely useful prop-
erty of these gels for our hydraulic fracturing experiments,
allowing us to change the Young’s modulus independent of
fracture energy. It allows us to tune the characteristic time
for transition (equation (2)) appropriately, so that the vis-
cosity dominated regime may be explored. Otherwise, this
would be very difficult experimentally, as we would need
to increase both the injection rate Q and fluid viscosity μ
significantly in order to analyse the same parameter space.
Moreover, this technique of determining fracture energy
can become extremely useful when trying to characterise
heterogeneous or layered gel systems.
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Fig. 6 a Stress intensity KI
versus % w/v monomer. b
Fracture energy γs versus % w/v
monomer. Both plots refer to
gels with 2.5 and 6% wt.
cross-linking
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Fracture Surface
When fracturing occurs in these hydrogels and the crack
surface is examined, varying amounts of roughness are evi-
dent. These patterns are similar in shape to shear banding
(or strain localization). A shear band is a narrow zone of
plastic failure caused by intense strain on the material and
corresponds to a loss of homogeneity in the deformation of
a material. The phenomenon is most often observed in duc-
tile materials, but is also seen in quasi-brittle materials, e.g.
rock, ice and concrete.
However, our hydrogels are brittle materials and the two
surfaces post-fracture are identical suggesting that no plas-
tic deformation of the gel matrix has occurred. The patterns
evident on the crack surfaces are commonly referred to as
‘steps-lines’. These step-lines are small changes in height
(O(10−1 mm)) and have been observed in hydrogels frac-
tured in a peel-test configuration [19, 27]. The step-lines
are observed in two forms: orientated at an angle to the
crack propagation direction and parallel to the direction
of growth. Previously, these patterns have been labelled
‘scale’ and ‘river’ step-lines, respectively [27]. Wallner [28]
Fig. 7 Step-line pattern as a
result of hydraulic radial fracture
in gels with cross-linking
between 1.9 − 2.5%
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observed similar step-lines on the crack surfaces of glass.
These Wallner lines are explained by proposing that they
are the intersections of the paths between the moving crack
front and the stress pulses. This mechanism is inadequate for
the explanation in these experiments as the fracture veloc-
ity is of order O(10−2 m/s), while the sound velocity is of
the order O(100 m/s); meaning the intersections would be
near the crack tip and approximately perpendicular to the
propagation direction.
In Figs. 7 and 8 examples of scale step-line patterns post-
fracture can be observed. These patterns are created as small
areas of the crack tip are aligned towards the fracture prop-
agation direction. The behaviour of these sections is similar
to a mode III tearing crack. It has been suggested that in the
scale case these regions propagate at an angle of π/4 to the
propagation direction and in a river pattern they propagate
parallel to the propagation direction [27]. The observation of
these scale and river step-lines have been found to be depen-
dent on the velocity at which the fracture propagates. As
the velocity of the fracture increases, the pattern transitions
from a scale to river step-line morphology.
As mentioned, this pattern formation is very similar to
shear banding, which has been shown to depend upon the
dimensionless parameter [29]:
B = pcc
GVbc
, (7)
where pc is the confining pressure, c is the velocity of
sound in the material, G is the shear modulus (or Lame´
constant) and Vbc is the velocity of the boundary or crack
tip. With increasing B the shear bands are located further
apart. A common explanation for this is that as a shear band
forms, the stress inside the band decreases because of elas-
tic unloading. Outside the shear band the pressure increases,
suppressing another band formation in close proximity. The
pressure difference then travels through the material at the
speed of sound. Therefore, when B is large the banding pat-
tern will occur on a larger scale. On the other hand, when
B is small, the sound velocity is smaller compared with the
loading rate of the crack and the bands are located closer
together in order to release the strain.
Therefore, we know an inverse relationship between
spacing and velocity exists in the shear banding case. This
relation is also observed for our brittle step-lines. The spac-
ing between patterns increases as the crack tip velocity
decreases. This is seen in Fig. 7, as the nucleation of these
mode III regions is less evident away from the injection
source. Fluid is pumped at a constant rate from the source
and the flow rate decreases like 1/2πR away from this. This
leads to a decreasing crack velocity, as the crack propagates
radially outwards and any patterns observed further away
from this source materialised at a lower velocity.
The formation of these mode III-like zones in our mate-
rial could be caused by local material inhomogeneities that
Fig. 8 Step-line pattern as a
result of hydraulic radial fracture
in highly cross-linked gels (6%)
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Fig. 9 Theoretical prediction of step-line patterns around a circular
indentation with logarithmic spirals pitched at an angle of π/4
would cause the crack front to break into numerous sec-
tions which propagate at different heights. This may also
be due to blunting of the crack tip due to the stresses
involved and the existence of small cavities in front of the
crack tip. The tensile stress can lead to coalescence of the
crack tip and cavities, which may cause the creation of
these step-line discontinuities. At lower velocities this soft-
ening and cavitation may take longer to occur, due to the
crack loading and resulting in fewer discontinuities. Similar
corrugations have been observed in other brittle materials
such as brittle metallic glasses (BMGs) and glassy polymers
[30–32].
As mentioned before, the spacing between patterns has
an inverse relation to fracture velocity. The fracture spac-
ing also depends on the material properties of the gel such
as monomer and cross-linking percentage which is clear
from Figs. 7 and 8. It is expected that the sound velocity of
the material increases with increasing cross-linking, due to
the larger number of bonds present. Thus, more chains on
the fracture surface must be broken in order for the crack
to propagate. This higher cross-link density explains why
more patterns are seen on the fracture surface in Fig. 8, as
any softening of the crack tip and cavitation will occur on
a much smaller scale meaning step-lines are located closer
together.
If we consider the radial geometry of our fracture and
take into account that previous studies have found that these
patterns occur at angles of ±π/4 to the direction of prop-
agation [19], we can theoretically predict the shape they
will take. Logarithmic spirals pitched at π/4 capture this
behaviour as seen in Fig. 9. This pattern is extremely simi-
lar to those observed in ductile systems through indentation
[33, 34].
Considering Fig. 10, we measured the angles between
step-lines of a specific 15 − 2.5% gel post hydraulic frac-
ture. In this example, the angles are consistently less than
∼ 90◦ and vary from ∼ 80 − 90◦.
Fractal Analysis
The step-line patterns on the fracture surfaces also form
fractal networks. These beautiful fractal patterns originate
from the distribution of these crack surface markings. The
fractal dimension of these patterns was computed using the
classical box-counting technique [35]. The results of this
analysis can be seen in Fig. 11. It is clear from this graph
that gels with a cross-linking of 1.9 − 2.5% and those with
cross-linking ∼ 6% follow two different curves, in relation
to the fractal dimension at specific box sizes. The fractal
dimensions are df ∼ 1.624 ± 0.143 and 1.89 ± 0.08 for
Fig. 10 Measurement of the
angles between emanating
step-lines
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Fig. 11 The fractal dimension analysis using the ‘box counting’ method for varying gel-concentrations
1.9 − 2.5% and ∼ 6% cross-linking, respectively. The fractal
dimension for 6% cross-linking is similar to that of the the-
oretical logarithmic spirals in Fig. 9, which have a fractal
dimension of df ∼ 1.85 ± 0.15.
Interestingly, the range of these fractal values is con-
sistent with those observed in the literature for plastic
shear bands [29]. It has also been observed that the frac-
tal dimension depends on the dimensionless parameter B
in equation (7). The fractal dimension df is consistently
larger in systems with lower B values. This is observed in
our experiments, if we assume the confining pressure and
ratio of sound to boundary velocity to be constant for each
gel. Hydrogels with higher percentages of monomer and
cross-linking have a larger elastic modulus, and therefore a
smaller B and larger fractal dimension.
Conclusions
Polyacrylamide hydrogels were synthesized to study fluid-
driven fractures in an impermeable elastic medium. These
gels allow detailed measurements of the radial extent and
full-field thickness of a fracture, as well as the fracture
energy of the particular gel configuration. The transparent
gels permit hydraulic fracturing experiments with a signifi-
cant range of Young’s modulus and fracture energy values.
The sufficiently wide range of experimental parameters
ensures both toughness and viscosity limiting regimes can
be characterised fully in the context of dynamic hydraulic
fracturing (see O’Keeffe et. al (2017), JFM, submitted).
This approach to studying hydraulic fracturing also gives
rise to crack surface deformation patterns, which have been
observed in fractured rock formations. The spacing between
these phenomena is seen to depend heavily on the chemical
configuration of the specific gel matrix as well as the frac-
ture velocity. These step-lines patterns appear to occur due
to minuscule inhomogeneities within the gel and/or small
areas of the crack-tip experiencing mode III loading, due to
crack tip softening and cavitation, that mimics the effects
seen in ductile materials.
The calculation of fractal dimension values for the step-
line patterns are also easily obtainable, which will allow
comparisons with geological field observations. This study
demonstrates how these gels can be made, their physical
properties obtained and their suitability to further explore
these fracturing phenomena in great detail.
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